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0BBmvmm oi TURWUWbERTR8T (l%CMETRY 

ARDGROWTRIU?BUPERBONICFLOW 

ByCarltonB.James 

BUMMARY 

One step in the process of bout&my-layer transition is the formation 
and spread of turbulent spots or bursts. A study of the shape, growth, 
and formation rate of turbulent bursta in supersonic boundary lqers has 
beenmadeusinge~kshadowgrapheofRnm17gun-~~modelsinfree 
fligatthrough stillairandthroughacountercurrentsupersanicair 
strem. The shadowgraphdatawere obtaiuedfrcmanmiber of previous 
inveetlgations which, collectively, represent a variety of model &apes, 
and a fairly tide range of Mach numbers, unit Reynolds nut&era, surface 
rougbuesses, andheat-transfer rates. The model &apes include cones, 
ogive-cylinders, and hollow cylinders sllned with the stresm. The approx- 
imate rages af theflowvariables areas follows: free-etresmMachnum- 
bers from 2.7 to 10; unit Reynolds numbers from 1.6miUton to 6.3 million 
per inch; surface roughness maximum peak-to-vt3Uey distance 10 microinches 
to 2100 microinches; and ratio of wsU Mature to free-stream teqera- 
ture either 1.0 (still air) or 1.8 (countercurrent air stream). 

Three-dimendcmalburstgecunetrywas determinedfor two typical 
turbulent bursts. Frma c~mparisonofburst@.anfoms audthickuess 
profiles observedunderdifferentflowcoaditians,burstge~trywrts 
found to be insensitive to varlatiou of Mach muriber, unit Reynolds nmiber, 
and surface roughness. These variables, together with body shape, were 
fouud to have signlflcant effects 013. the rate at'which a burst is swept 
along the surface, its growth rate (relative to distance traveled), and 
the rate of burst formation. 

J3!7TEtODUCTIoN 

For many years scientists have sought to understand the fundamental 
nature ofthetremitionfrcmlmnlnsx to turbulentflowsndthe pammeters 
which affect its occurrence. The present concept of the transition process, 
as outUnedbyDrydeu inrefereucel, is the result of numerous contribu- 
tlaas by vszlous Investigators. Notable among these are the theoretical 

a workof TollmienandBchlichtlagaadsubseg~tverificationofthe exist-. 
-- ence of T~mien-S~ichtingwavesbyB~ueresdB~ametsd(ref.2), 

i--- 
the observance by Dryden (ref. 3) of the suddenness with which turbulence 
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first appears, and.-the hypothesis proposed by Emmons and Rryson (ref. 4) 
which has been recently substantiated in its essentials by the experiments 
of Bchubauer and Klebanoff (ref. 5). Drydeti~separatee the transition 
process into tbree.successive steps: 

0 .. 

(1) The qpllfication of small disturbances 

(2) The generation of localized spots of turbulence through a 
secondary instability of the flow - 

.- 

--_' '--. 

(3) The growthsndspreadofturbulentspote until the whole flow _ 
field is turbulent ._ 

X the initial disturbance is large, step (1) does not take place. Like- 
wise the develomt of the secondary instability of step (2), which ref- 
erence 1 associates with the formation of a system of Wrtler type vortices 
(ref.6), probably depends upon the nature as-well as the magnitude of the 

-7 

initial disturbance. Ef,for example, the disturbance source16 at a : Z 
leading edge or on a surface, the generation of a localized spot, or burst, 
can occur without the need of steps (1) and (2). The process proceeds . 
directly fram the generation of the localized spot to step (3). The 
present paper is concerned with step (3) of this process. .._ _. 

v 

From observatfons made during their water-table experiments, Emmons -- 'I- 
and Bryson (ref. 4) hypothesized that each minute spot or burst of turbu- 
lence once formed, grows perpendicular to its'surface, and in all direc- I 
tlons with respect to the fluid, by consuming the eurrcn&ing lsminar 
boundary layer. As it grows it is swept along the surface by the main 
flow followed by newly formed bursts. Theburst continues to grow until 
it merges with adjacent bursts to form a continuum of turbulent boundary 
leyer. 

-_. 

As early as 19% irregularities in the thickness of the turbulent 
boundary layer on free-flight models fired ih the Ames su~rsonlc free-" - 
flight wind tunnel were observed in spark shadowgraphs (ref. 7). Also 
observed in the flow field adjacent to the boundary layer were shock waves 
having angles much greater than Mach angles.::These waves appeared to be 
associated with the turbulence irregularities. The Zmmons and Bryson 

_ 

experiments, provided a plausible and timely'eqlanation of the observed 
phenomenon. As the optics of the wind tunnel were improved and longer 
models were tested, discrete bursts of turbulence were observed more fre- 
quently and with sufficient clarity to define the geometric profiles of 
many of the bursts. Ina studyofbouadary-~ertransitionanaslender 
ogive-cylinder body, Jedlicka, Wilkins, and BeIff (ref. 8) observed that 
the number of bursts that appeared intheboundarylayer seemed to depend 
on surface roughness near the tipY and on abrupt changes in profile slope 
near the tip. These bursts were observed to sweep downstream along the 
surface. More recently, In a further study of boundary-layer transition * 
on free-flight hollow-cylinder models, the pfesent author was iqpreesed rr- 
by the fact that when two or more distinct bursts appeared along a single 9 
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streemline, the domstreemburstwas iuvexiablylerger then the upstream 
one. Furthermore, there was a striking similarity between the profiles 
of some of the obeerved'bursts and the profile determined by Bchubauer 
and KLebanoff from hot-wire measuremnts in low-speed flow. These observa- 
tions are illustrated in figures 1 and 2. In the ehadowgraphof figure1 
any given burst is seen to have greater length and tbiclmese than bursts 
upstream of it. The implication is tbataburstgrowe inlengthandthick- -- 
ness as it progresses downstream. Figure 2(a) reproduces a portion of fig- 
ure6 of reference 5 showingtheplenformandcenter-line profile of a 
spark-initiated turbulent spot, or burst, on a flat plate in low-speed 
flow. (Nomenclaturehasbeenalteredto coeformtotbataf the-present 
report.) Figure 2(b) is a shadowgraph profile, close to the plane of 
symmetry, of aburstonthe ogive-cylindermodelof reference 8. The aim- 
ilarity of the two profiles is quite apparent. The upper profile was 
measured at a stream %ch number of approximately 0.03. The lower profile 
was observed at a stream Mach number of 3.6. 

,_, 
It should be pointed out, 

however, thatinthe elevationview of figure 2(a)the vertical scale is 
2.4 times the horizontal scale. It is perhaps not surprising that such a 
eimKlarity exists, since every boundary leyer contaiue the full velocity 
spectrum from zero to the local stream value, and the effect of Mach mm- 
her on the che,racteristics of the fullylamiuar or the fullyturbulent 
boundeqylayerhas proventobelargelyone of degree. Itremained,how- 
ever, for such a comparison as this to drive home the resl. potentielities 
of the swk sbadowgraph for the detailed study of bursts of turbulence 
in supersonic flow. 

With an extensive portfolio of shadowgraphs, obtained during investi- 
&ions of other phenoaneua, imnediately available, it became of interest 
to determine how much information on the transition process these shadow- 
gre&scouldbemadetoyield. The purpose of the present report is to 
set forth the results of a study of these shadowgraphe. 

Q 

C 

f 

LY? 

H 

L 

Ma 

BYKBOLB 

local speed of sound at edge of the boundary layer, ft/sec 

l~-luexboundary-leyer thickness parameter,: &, dimensionless 

frequency of burst formation, sec'l 

width of statistical class in sample of frequency observations, sec'l 

height of roughness, in. 

length of burst, in. 

bkchnmiberofstresmlineat bouudary-layeredge relativeto 
downstreem end of burst, dimensionless 



4 NACA TN 4235 
. 

b&h nmiber of streamline at edge of boundary layer relative 
to the body surface, dimensionless -. 

Mach nmiber of streamline at boundary-layer edge relative to upstream 
end of burst, dimensionless 

P 

7 

M, 

RH 

RU 

RX 

r0 

t 

ue 

Ue 
Y 

vd 

VU 

X 

xa 

XU 

Y 

z 

a 

free-streamMachnuuiber, dimensioriless 

rruniber of observations in statistical sample, dImensionless 

umber of observations in statistical class of width Af, 
dimensionless 

Reynolds number based on roughness height, ue 7 H, dimensionless 

ue - - Reynolds number atburstupstreemedge,yxu,dimensionlese 

ue Reynolds number based on distance x, 7 x, dimensionless 

distance frcm burst origin to point at which transverse spread 
begins, in...- -- w 

tbne, eec 

local stream velocity at edge of the boG&ry layer, ft/sec, except 
whenusedas caanpanen t of Reynold nwnbZr, for which case, in./sec 

Reynolds number per unit length based on conditions at edge of 
boundary layer, in.'= 

velocity of downstream end of burst with respect to body surface, 
ft/sec 

velocity of upstream end of burst with respect to body surface, 
ft/sec . . . 

coordinate in stream direction measured frcm burst origin, in. 

distance of burst downstresm end frm burst origin, In. 

distauce of burst upstream end frcun burst origin, in. _._ 

coordinate norml to surface, in. 

coordinate normal to xy plane, in. 
c 

half'-angle of burst-growth envelope, deg-'(see fig. 2(a)) - P 
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;i 6 thickness of leminar boundary layer, in. 

8 half-angle of burst downstreem-end wedge, deg (see fig. 2(a)) 

A wave sgmdng, in. (see fig. 2(b)) 

Y coefficient of kinematic viscosity, in.e/sec 

cp radial angle of burst center-line meridian, measured in positive 
roll direction, from intersection af vertical center plane of 
windtuunelwith~reurfaceofmodel,deg -- 

rk tan-= I I 
$ ondevelopedbodyeurface 

Bources of Data 

The shadowpxphs which provfded the greatest amount of informa;t;ion 

. 

for the purposes of this study were obtained frcuu the tests of refer- 
ence 8, and from more recent tests on hollow cylinders alined with the 
0tree.m. Sketches of the models used in these tests are shown in fig- 
-8 3(a), (b), d (c)- TO th e slender ogive-cylinder of reference 8 
the name "pencil model" has been ascribed. For the eeke of sQqiLicity 
it-be so referredto inthe followlng pwzagraphe. The hollow cylti- 
derswere desiguedtopKwide quasi-tuo-dime~~iomiLflowoverthe outer 
surfaces. Theywere s~fin-stabilizedopen-endedtubeshaving sharp 
leading edges. The lnter~~Lflo~waseUeys supersonic. Twoexterior 
profilesweretested: a pzre cylinder, and en open ogive segment taugent 
to a cylinder. These profiles will be referred to ae the "straight tube" 
end the "contoured tube,' respectively. Additional information wae 
obtadnedfrcmehadowgraphs ofthelg" iucluded-angle cones of reference 7, 
afewshedowpaghs of amdelhavlngthebodyprofile of theA-4,a10° 
included-angle cone,andamodel of theNACARM-10. Thesemodels are 
showu in figures j(d), (e), (f), and (g), respectively. Representative 
shadowgraphs,frmemcmgthelarge group selectedfor study,e,represented 
in figure 4. 

OpticalAepecte of the Bhadowgraphs 

Bcane of the shadowgrapheare ofmodekinflightupstreemtbrougha 
windtuenel(seeref. g)while others ere of models inflight ina conven- 
tional aerobeUistic range. The optic&l systemof thewindtumel,for 
statione utilieiugparallellightfielde, requireslightfaILing on the 
photOgraphLCpLatefirstto reflectfrcma c~tingmirrore,udthento 
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passthroughtwowindws in thetumelwalls. For stations utilizing 
conicallightfiel~,lightfrom~ch sourcemustpass through twowindows. B 

With the wind tunnel in the "air-off" condition (i.e., not operating - 
still air in the test section) resolution of detail in the shadowgraph is -. 
impared due to hperfect collimation of the light I&. to a shadow pattern 
resulting fram imperfections in the surfaces of the mirrors and windows. 
With the wind tunnel in the "air-on" condition (supersonic air stream) 
introduction of stream turbulence and a turbulent boundary layer on each - '- 
window causes a large additional loss of resolution. The range shadow- 
graphs, on the other hand, were obtained using a conical light field with 
no intermediate optics at all. These shadowgraphs showed the greatest 
amount of detail. Since air-on testing was required to obtain data at 
&ch numbers above tiwroximately 4, considerably lees information on burst 
behavior could be gained above this I&ch number than below it. 

METHOD a? ANALYBIB .- 

The initial step of the study was made from the point of view of 
determining whether or not the transition process remains fundsmentally 
the esme in supersonic flow as in subsonic flow. A general qualitative 
inspection of the shadowgraphs showed that, for the flow conditions repre- 
sented: (1) bursts form at.forward locations on the surface of a model; 
(2) they are swept downstream, grwing in length and thickness as they go; 
and (3) their profiles bear a marked similarity to that of a burst in a 
low-speed boundary layer. 

Y 

L 

Same informationfrcmother sources was also available. Fromthe 
angle of the shock wave emeaating from the ugstream edge1 of a burst, 
Ektunone and Bryson (ref. 4) calculated this edge to be moving downstream 
over the surface at 0.43 of the stream velocity, which is equivalent to 
0.5'7 of the stream velocity in the upstream d$rection.relative to the 
stream (i.e., 4/M, = 0.n). Theirmeasurementwas made ona spark shadw- 
graph of a cone-cylinder model flying at a I&ch number of 2.1. By the same 
procedure Jedlicka, Wilkins, and.Beiff (ref. 8) calculated a value of 
%/M, equal to 0.4 for a burst on an ogive-cylinder flying at a Mach 
number of 3.5. Mitchner (ref. 10) and Bchubauer snd Klebanoff (ref. 5) 
reported values of O',!j6 and 0.5, respectively, for law-speed flw. 

The cmison thus far suggested that differences in the transition 
process between subsonic and supersonic flow were likely to be small. It 
was considered reasonable, therefore, for the purpose of the present study 
to adopt the concept of burst formation a153 growth already well subs&n- 

- tiated for lw-speed flow by the experiments ~3 refer&me 5. ‘E it is - - '- 
assumed that (a) a burst originates as a point, and (b) its upstream and 

1L 
%Po avoid possible smbiguities arising from use of the term "leading 

edge" as applied to a burst, the term "upstream edge" is used throughout 
this report to designate the edge of a burst nearest the model leading 
edge. 

? 
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downstream edges move at constant - though not equal - velocities, a 
simple relationship can be written between these velocities and the posi- 
tions of the edges relative to their point of origin. Using recw 
coordinates with origin at the point of origin of the burst, we can write 

xu = vut 

'%I = vdt 1 

, (1) 

where t = 0 at the instant the burst is formed. Substituting 

L=xd-xu 

endeliminating t leadsto 

vd L -=-+l 
vu xu 

From the shadowgraph, the velocity of the upstream end of a burst 
relative to the velocity of the stream C&IL be determined by the angle the 
burst shock wave mskes with the stream direction. (This velocity, of 
course, must be supersonic so that the technique is applicable only when 

Formation of a burst shock wave cwxnences with the formation of a 
burst (or shortly thereafter), the upstresm edge of which then serves as 
a source for the continuous formation of the wave. Thus, ideally, the 
point of origin of a burst can be located by projecting the outer end of 
the burst shock wave (providing it has not already intersected the bw 
wave) forward slang a Mach line to intersect the body profile. 

Once the point of origin of a.burst is established the distance from 
this point to the upstream end of the burst is determined and xu and L 
can be measured directly fram the shadwgraph. It is then possible to 
cahtite vd by substitution of the measured quantities into equa- 
tion (2). Ameasure of thelongitudinalgrowth of aburstisthus obtain- 
able from the shadwgraphs. 

FrOmwave-anglemeasureme nts, the velocity of the burst upstream edge 
is given in terms of local Mach number. It is convenient, therefore, to 
put equation (2) in terms of Mach number. The Mach number of the local 
stream relative to the burst upstream edge is given by 



8 

so that 

similarly, 

vd=l Q 
Ue -G. 

Bubstituting equations (3) in equation (2) results in 

N&CA !r!N 4235 

(3) 

In addition to the longitudinsl growth characteristics it was found 
possible to obtain information concerning the plan form, thickness dlstri- 
bution,andlateral growth of aburstin supe~rsonicflw. Fresumingthat 
apsir of shadwgraphe canbefound,takenat~the esme instant and i.n 
orthoganal planes, in which the esme burst a&ears"in"both, there are 
provided two, three, or four profiles of the burst, depending on its 
lateral extent, wbA.ch have kuwn spatiel relationehips. E the burst is 
ona cyllndricalbodythe radius of which is large ccanparedto thebound- 
arylayer orburstthicIaess , the flw can be considered two-dUensionsl 
and the cylinder can be developed into a plaue. The coordinates of the _ 
burst plan form can then be plotted on the developed meridians of the 
cylinder. If the observed profiles of the burst are sufficiently distinct 
to be measured, it is also possible to map contours of burst thickness. 
The practical application of such a scheme, unfortunately, was subject to 
many limitations nottheleastof whichwas the requirementoffinding a 
suitable pa;ir of shadwgraphs Fnwhicha etigleuncontaminatedburetwae 
clearly visible in both. Two suchpairs of shadwgraphwerefound,hw- 
ever, on.which this approach was reasonably successful. Jn addition, a 
small group of shad&graphs was found from which it was possible to obtain 
enough informekion to plot burst p'lnn forms, -but which would not yield 
sufficient Information to define the complete three-dimensional form. 
Likewise, a number of individual profiles.were.sufficiently weU defined 
to yield thickness distributions. In eae af,these cases the position of 
the profile with respect to the plane of symmetry of the burst could be 
approximately established. This was dase by estimating the burst width 
from the known apwoxinaate transverse growth rate and bounding the lateral 
extremities of the burst by the orthogonal mertdians, tiara of which showed 
laminarflw. For bursts whose e&-ted widths were nearly equal. to the 
surface distance between-the diametrslmeridiane (halfthebodyclrcumfer- 
ence), the observed profile must be cloee to the plane of symmetry. 

I 

V 
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REBUIXSARDDIBCtJBBION 

Thelengthof atre,nsitionregion,whichmaybe definedaethe region 
between the forwerdmo st point at which bursts form and the aftermost point 
at which leminar flow exists, depende upon the streamwise velocity of the 
bursts, their transverse and longitudinal growth characteristics, and 
their rate of formation. Each of these variables is in turn dependent 
uponthe environmen tal conditions of the flw. It is this order of con- 
sideration which has been foIlwed as closely as possible in presenting 
the present results, so that a logical picture of burst behatior in super- 
sonic flwmeybe drawn. Consideration of the dynemic aspects of burst 
behexior is preceded by a discussion of the observed geometric 
characteristics. 

RurstThickn.ess Frofiles 

Rurst thiclmess distributions measured on several profiles lying 
close to the plane of symmetry are shown in figure 5. To facilitate txxn- 
parisone of shape the profiles exe plotted in terms of burst length, 
elthoughthe absolutemaepitudes of thebursts veriedconeiderably. 
Importantenvir onmental parameters are tabulatedto the right of each 
profile. The most pr cnninentfeature of this figureisthe similarity of 
shape of the profiles. Thi~ss increases continuously frcxn the upstream 
endtoameximum at about 70 percent of the burst length L (kl.0 percent), 
then decreases continuouely to the downstream end. This similarity extends 
to the low-speed profile af figure 2(a), except that its maximum thiclmess 
point is located at about 50-percent L. Parameters such as Mach nuuiber, 
Reynolds number, heat-transfer rate ,and surface ehe,pe,aswellas burst 
size, have no discernible effect on the burst profile ehape within the 
ranges oftheseparsmeters observedhere. The domelike shah at 
x/L = 0.75 of profiles (a) and (d) of figure 5 is due in each case to the 
presence of a relatively large eddy jutting out fram the general mass cf 
eddies that form the burst. L&e loceil. humps appearing in profiles (b), 
(f), and (g) are due to the seme cauee, except that the eddies ere smaller 
than those of profiles (a) and (d). It is interesting to note the came 
locel cheracter of the hump in the profile of figure 2(a). While the pro- 
file shapes exe well established, the absolute veluee of thiclmess are 
less certain. Acwibinationof diffractionandrefractionaflightraye 
passingthroughtbeboundarylayerand close to themodelbodyoccurs, 
effecting the shedwgraph image. The diffraction fringe appearing in the 
shadwgre,ph obliterates the detail of the relativelythinleminer -d=Y 
layer. There is, therefore,-some uncertainty as to how much af the thinner 
end portlane of a burst are else obscured. The fringe is a;ppsrentineU 
of the ehadwgraphfigures andmaybe seenverycleexlyon thelowerpro- 
file of the body in figure 6(b), which is en enlargement of a portion of 
a shadowgraph. C~isonof~suredfringewidths~thc~culatedval~s 
(ref. ll) of leminar boundary-layer thickness at the upstream edges of 
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bursts indicates that the ratio of fringe width to boundary-layer thick- 
ness varies between approximately 1.2 and 3. :'To give a comparison with L 
burst thickness the calculatedlaminarboundary-layer thiclmess at the -- 
upstream edge of each burst is indicated in figure 5. 

-_ 

In measuring thickness distribution on one burst profile ((d) in .- 
fig. 5), three variations in technique were tried in order to assess the 
accuracy of the measurements. The first, which was used for most of the 
measurements, employed direct measurement by mesns of a drafting scale, 
with the aid of a magnifying glass of about 2 power, on contact prints of 
the shadwgraph negatives. To define the model surface under the burst 
the inside edge of.the diffraction fringe was located at each end of the .: 
burst and extended under it with a straight edge. Meas~ts made in _ . - 

- this manner are represented in figure 5 by circle symbols. A second varia- -: 
tion of this techniquewaetouse the same procedure on positive enlarge- 
ments of about&tolCXmade directlyfrcxnthe shadowgraph negatives. 
l?xemples af such enlargements, but to a lwer magnification in order to - 
accommodate them to page size, are shown in figure 6. Figure 6(a) is an 
enlargement of the burst of figure 2(b), and.corresponds to profile (d) 
of figure 5. Thickness measurements fraan these enlargements are repre- 
sented by square syzibols in figure 5. The third variation involved 
accounting for the effects of diffraction and'refraction by noting the 
difference between the apparent body diameter and the known body diameter. 4 
The body axis is located on the shadowgraph from symmetry. Measurements 
are then made froan the axis to the outer profile of the burst and the true 
body radius' is subtracted. It was anticipated that this method would be k,' 
the most accurate. .Hwever, large differences in the amount of refraction .: 
occurring in the boundary layers of bodies &-different niamP.ter were 
found. On the pencil model the correction to the apparent body radius was 
about equal to the width of the diffraction fringe and appeared to be com- 
patible with the visible portion of the burst profile. & the hollw-tube 
models this correction in most cases wae'nearly equal to the maximum thick- 
ness of the burst and therefore did not appear to be compatible with the 
visible portion of the burst profile. The triar&lar-symboled curve of 
profile (d) is the result of applying this procedure to a burst on the 

..: 1 

pencil model. The three curves of profile (d) show good repeatability of 
shape repre,sentation but differ in absolute thickness by more than 20 per- - i 
cent of the maximum value. This is approximately equal to the width of 
the diffraction fringe in figure 2(b). For other profiles of figure 5,'a 
reasonable value of absolute thickness should be obtained by adding the 7 
laminar boundary-kfer thiclmess to the ordinate of the profile. The aver- 
age maximum thickness, including this 8 correction, of the ten profiles "_ 
of figure 5 is found to be about 4 percent of the burst length. 

It is clear that the present data cannot&fine the shape of the burst 
profile within the thickness of the diffraction fringe. This thickness is 
of the same order of magnitude as the leminar boundary-layer thickness in 
aU cases encountered in this study. The position of the upstream end of 
a burst is usually well defined by its shock w&e (cf. fig. 6). Thus, the 
finite thiclmess indicated at this point in lpagy of the profiles suggests 

u 

P 
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that the profile shape $8 the same as that fouud at the upSream end of 
a burst in low-speed flow (cf. fig. 2(a)). No conclusions can be drawn 
concerning the profile shape at the downstream end. It uill be assumed, 
for present purpo6e8, that the shape is similar to that for low-speed 
flow and that the intersection of the extrapolated burst profile with the 
diffraction fringe marks its poiat of "e advance" as noted in 
figure 2(a). 

Rurst ELanFormandTransverse Growth 

Four developed plan-form plots, which typify the results of this 
phase of the study,appear infigure 7. The model tip, or leading cage, 
is at the left, the direction of air flow belong frcm left to right. The 
horizontal lines mark the edges of the body cylinder observed In the 
shadowgraphprofiles. AU bursts for which plan forms could be drawn were .' 
situated on the cylindrical portions of the m$el bodies. Therefore no 
distortion is introduced by plotting these @&n forms as if the flow were 
onaflatplate. No evaluation of the effects of lon@tud5nal s.nd traus- 
verse curvature of therealmodel surface onburstplanformcanbemade 
with the present data. The extremities Op the observed profiles are marked 
ontheappropriate edgeswhichcorrespondtomerldlans andtheplanform 
is faired through these points. Frcun the better deftid plan forms, the 
general shapesndsymnetryof the outllnewere established. This knowledge 
was usedas aguide inthe falringof other outlines which, taken lndivid- 
usUy,werepoorlydefined. The burst of figure 7(a), observed on the 
straight tube, is shown In the shadowgraphs of figures 4(d) and 4(e). 
Since these shadowgraphs were obtalnedwith canicallightfields, the 
observed meridians are not quite equsXLy spaced sxoundthecircmference 
of the body cylinder. The burstplanformis seen-to extendacross two 
meridians andccmesJmosttangeuttoathLrd. Thethfrdaudfourthmerfd- 
Ian8 SlLmw lmninarflow. The burst of figure 7(b) was observed an the 
pencil model.(fig. 6(b)). Its plan form extends across three meridians, 
with the fourth still showlug la&nar flow. The free-stream Mach numbers 
at which these bursts were observed were 3.9 and 3.5, respectively. The 
correspondingvalues of.unitReynolds mmiberwere 2.3%10e per Inchand 
2.OXLOeper inch. The wall to free-stream static-tenq?erature ratio was 
1.0 for both. These plan forms, particulmly the latter, closely resenible 
theburst@anfomobservedbySchubauerandRlebanoff lnlow-speedflow 
(ref. 5) which is reproduced in figure 2(a). The nma7 differences between 
the plan form of ffgure 2(a) and those of figures 7(a) and 7(b) appear no 
greater than the differences between the latter two plan forms themselves. 
This ccaaparison indlcatesthatthe genersl characteristics of the ehape 
of a turbulent spot, or burst , remaiu unaffectedby large changes in tich 
number,unltReynolds nmber,orheat-tranaferrate. Themain points of 
difference, which again appear to be small, are the slenderness, the inden- 
tation of the upstream end, and the transverse and longitudinal rates of 
BroKth. 
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The slenderness of a burst may be characterized by the angle between 
the two relatively straight sides which form-the downstream-end wedge. I 
The half-angle, 0, of this wedge is found to'be 18-1/2O for the plan form 
of figure 7(a) and loo for the plan form af fTgure 7(b) as compared to 
15.3O reported In reference 5 for a burst InTow-speed flow (fig. 2(a)). 
It can not be definitely established whether-the difference between the -. 
values of 6 for the bursts of figures 7(a) and 7(b) represents scatter 
due to errors of measurement or whether It Is caused by the difference -1 

- 
in body shape between the straight tube and the pencil model. A source 
of error in the experimental technique, which stems frcPn the fact that 
two sources of light are used to produce the two shadowgraphs from which 
these plots are made, could slightly distort-the observed burst plan form 
and may account for all or part of this difference. Although care is used 
to Initiate at the.same instant the sparks which form these light sources, 
it is known that a time difference of a few microseconds can exist between 
exposures. Because of the motion of a burst with reepect to the model, 
such a time difference In effect can cause a-~raUel shift of alternate 
meridians in the plot - hence distortion af i&e plan form. The maximum- 
possible shift whLch could occur in the plots of figure 7 is calculated ' 
to be about 3 or 4 percent of the length of the models. A shift of this 
magnitude wouldbe enough to obscure the Indentation in the upstream end 
of the @an form of figure 7(a), and enough to account for appreciable 
variation in 8. The possibility of the difference in 8 between the *- 
plan forms of figures 7(a) end 7(b) being due to body shape Is discussed 
later in this section. 

. 
A characteristic of transverse burst growth in low-speed flow noted 

in reference 5 is that, after a burst is initiated, it moves downstream 
a short distance before transverse spread begins, after which the trans- 
verse growth proceeds at a constant rate. Toobtalnameasureofthe 
transverse growth of a burst on a purely cylindrical model such as the 
straight tube, straight lines may be drawn mssing through the point at 
which transverse growth begins and tangent to.$he burst plan form. For 
aburstwith constant transverse growth rate, thellnesthus drawn form 
its growth envelope. Since neither the point of begInning of transverse 
growth nor the c~stancy of the transverse growth rate could be directly 
established from the present data, it was necessary to make the best 
assumptions possible with the available howledge. It was shown in ref- 
erence 5 that a lag in the tramverse growth ti a burst in low-speed flow 
occurs at Reynolde nuuibers below approximately 450 based on the dieplace- 

- 

mentthiclmess of the lsminar boundarylayer. This is the Reynolds number 
below which ccuu@ete stability is predicted on the basis of smeJl pertur- 
bation theory. ShCLardehys In the transverse spreadofturbulence in 
supersonic flow at pi = 5.8 are observed In the data of reference 12. In 
the latter case, however, the displacement-thickness Reynolds numbers for - - 
commencement of transverse spread are of the order of 10 to 20 times the 
critical value of 450 for low-speed flow. For'the test conditions under 
which the burets of figure 7 were observed, values were'~calculated of the . 
distance, ro, from the burst origin to the poiat at which transverse 
spread begins, correapanding to displacement-.thiclmess Reynolds numbers 

P 
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of 45oana4500. These values at r. were, respectively, 0.04 Inch and 
4 inches. Thelattervdue clearly does not fit the conditions of fig- 
ure 7 eince all of these bursts were observed at positions less than 
4 inches from their points of origin. FraDn au Inspection of burst waves 
and burst positions in a number of the shadowgraphs it appears that a 
value of r. as large 8s 0.5 inch, or half the nose length of the pencil 
model,'ls possible. Therefore, for the present case ro was taken to 
have a value between 0.04 inch and 0.5 inch. A constant rate of trans- 
verse contm3natlon of the la&nar boundarylayerbyturbulencefrma 
continuous source has been observed in subsonic flow (refs. 5 and 13) and 
supersonic flow (ref. 12) as well as for an lndlvidud. burst in subsonic 
flow (ref. 5). It Is assumed here, therefore, that the ssme behavior is 
characteristic of an individusl burst in supersonic flow. (The validity 
of this assmrptlonappearstobe lndoubtwithregardtobursts on the 
pencil model.) 

Eased on these considerations, two growth envelopes are drawn for 
the burst of figure ?(a), with the burst origin being at the leading edge 
of the cylinder. These envelopes correspond to the assumed limiting vslues 
of ro. The envelope corresponding to r. = 0.04 inch subtends ahalf- 
angle, a, of Ilo. For the envelope corresponding to r. = 0.5 inch, a 
is egual to l242O. In the case of the hollow tube, then, the uncertainty 
In a duetotheuncertaintyin r. is nomore thantheprobable error 
of Illeamrement. Contrarytowhatmightbe 7 ected, the average vslue of 
a of Ill.80 agrees more closely with the XL.3 for low-speed flow reported 
In reference 5 than with the angle of 5’ for transverse spread of turbu- 
lencefrcma continuous source at Machnumber 5.8reported inreference 12. 
Unfortunately, lnthepresentcase, the value of ll.8ois the result of 
measurementfrcmozily oneburstplanfonnwhlchmay ormaynotbe repre- 
eentative for the present flow conditions. On the basis of the variation 
encounteredinsTm3larmeasurements obt&nedfrmalargernumber of bursts 
onthe pencllmodel,however,itis notexpectedtbatothermeasurements of 
a for bursts on the hollow tube would differ by more than aboutf2'. It 
shouldperhaps bepofntedoutthatan importantdifferencebetweenthe 
test conditious of reference 12 and those of the present result8 was in 
the rate of convective heat transfer. The surface of the plate of refer- 
ence 12 was at recovery temperature, while the surface of the hollow tube 
was at free-stream statlc temperature. Itienotunlikelythatthe heat- 
transfer condlticm would have an important effect on the rate of trans- 
verse growth of aburst, 8s wellas on the point atwhichtransverse growth 
starts. 

Onaflatplste the transverse spreadaf turbulence Is foundtobe 
constant in a direction norxsl to etresmlines. Ifthisconditlnnapplies 
also onthe oglvslnose of thepencllmodel,onwhlchthe streaklines 
diverge, it is clearthatthe growthenvelo~mstcurve '8s it cromes 
surface streamlines (merldkns when the model is not pitched) in order to 
make a constant angle, aJ with each local streakLine. If the ogival. nose 
is approximated by its inscribed cone, which msy be developed together 
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with the body cylinder, the envelope curye oh the developed conical nose 
Is described by a lo~ithmic spirsl. (3 the developedbody cylinder it 
becomes a straight line. Agrowth envelope-$xLchmsets these conditions 
is drawn for the burst of figure 7(b). In this case the uncertainty in 
r. has 8 greater effect on the determination of a. For this plan form, 
when r. = 0.04 inch, a is calculated to bd'3.0'; when ro = 0.5 inch, 
a is 6.1’. Thus,theuncertaintyin r. introduces an uncertainty in 
a of the order of magnitude of a itself. '&se values of a 8re con- 
siderably lower thsn that found for the burst on the straight tube 
(fig. 7(a)) and would seem.to indicate a lower re;t;e of transverse growth 
on the pencil model than on the straight tube. This result &Leo appsars 
to be consistent with the ccqarative slenderness exhibited by the two 
bursts of figures 7(a) 8nd 7(b). C& the other hand, from the geometry of 
the growth envelope in figure 7(b) it can be seen that while the burst is 
on the model nose its rate of transverse spread with respect to its own 
plane of symmetry increases as the burst moves downstream. For 8 constant 
longitudinal growth rate, then, the burst plan-form shape would not remain 
SW as it grows, but would became less and less slender as it moves 
downstream. !Phe 1W values of a obtained for the plan form of fig- 
ure 7(b), therefore, do not appear to exzpl8i.n its relative den&rneSS in 
campElrison with that of figure 7(S). A possible reason for this relative 
slenderness is found from exsmination aP.fig&e 7(c). 

In sll, it was possible to define, withYvarying degrees of precision, 
eightburstplanforms: one from shsdowgraphs of the straight tube 
(ffg. 7(d) d an seven from shadowgraphs of the pencil model, including that 
of figure 7(b). Figure 7(c) is a composite of this group of m forms 
superimpsed ona singlemeridian. Each outline is positioned on the flg- 
ure at the observed longitudinal position. The dotted lines represent the 
lateral extremities of the developed cylinder%f the pencil model. They 
indicate thelimit of transverse growthwhich 8 burstcanundergo on this 
body before the edges of the bukt begin'to && with each other on the 
opposite side of the body. Can~ison of the' seven plan forms frcxn the 
pencil model with these dotted lines suggests that on the body cylinder of 
this model little or no transverse growth t&es place, but.that longltudi- 
nal growth continues. It will be observed that the plan forms farthest 
from their point of origin are the most slender while the two nearest the 
origin are the least slender and comme most closely in shape with the 
plan form from.the strafght.tube. The values-of B for the seven plan 
forms vary from 18o'for. the first two to 10° for the two farthest back. 
For the first plan form the half-angle, a, of,the growth envelope is 4.3O 
when r. = 0.04 inch and 12.70 when r. = 0.5-fnch. This latter value of 
a and the value of- 8 of 18' for this p&n form are nearly identical to 
the vslues for these angles measured on the plan form fram'ths straight 
tube. While remembering that figure 7(c) is ~~cqtqos$te of several bursts 
observed on several mcdels; one can visuslize that these plan forms repre- 
sent successive positions of 8 single burst moving downstream. 1% appearls, 
therefore, that 8 burst originating at the tip of the pencii model grows 
transversely while on the nose, at 8 rate apprcxching that measured for the 
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straight tube, but for SCEIE reason stops, or nearly stops, its transverse 
growthuponreachingthebodycylinder. With such sketchyevidence,of 
course, it is not certain that this indicated growth behavior actually 
occurs, nor is it clear why transverse growth on the body cylinder should 
slow down or stop. Thelarge l&era curvature of thebody surfacemsybe 
a factor. The possibility of upwash effects due to slight pitching of the 
models in flight was lnvestie;ated and found to be negligible. The rela- 
tions of the burst center 1Fnes to the pit- -es of the models were 
entirely ranti, and no correlation was found between the relative position 
of a burst on ths model body and its relative width. This Is not to say 
that no effects of upwash are to be -c-ted. The angles of pitch of the 
models for which dat8 are presented in table I snd figure 7 were ECU 
mall- lo or less. on other models 8t higher pitch 8ngles 8 definite 
effect of upwash on burst thiclmess and length was observed. 

From the evidence avaTlsble it &es 8ppes.r that for 8 burst on a 
slender body such as the pencil model, both 6 and a vary with distance 
of the burst from its point of origin, tending to become smaller 8s the 
burstmoves downstream. 

Figure 7(d) illustrates the type of burst distribution most often 
encountered on the hollow-tube models. This figure is plotted from me8s- 
urements made on the sh8dowgr8pbs of figures 4(j) and 4(k) which do not 
adequately define the outlines of themsnysmall orpsrtTallymerged 
bursts. A considerable degree of artistic license is remred ia the 
fairing of figure 7(d); however, the figure &es serve to portray the 
intermediate step in the transition process between the formation and 
initial growthof isolatedbursts andtheir eventualmerg3ngtoforma 
cmtinuum of turbulent boundsry layer. Related observations of burst 
formstionand growthmade throughout this studyhavetendedto substan- 
Mate at least-the general features of themodel of boundary-layertran- 
sition hypothesized by m and Rryson in reference 4. 

!Three-Dimensional Burst Shape 

The two bursts of figures 7(b) and 7(a) were defined fn sufficient 
detail to permit three-dimensional representation. Contour maps of the 
developed plan forms of these bursts are presented in ffgures 8 and 9, 
respectively. The pxfiles frcsnwhfchthe elevationswere takenarealso 
shown. These profiles were determined by the second method described in 
the section "Rurst Thickness Profiles." Thenumber of profiles infig- 
ure 8 and their disposition with respect to the plan form indicates the 
degree of accuracy&the contourm~p. As discussedpreviously, the true 
elevation of the zero contour Is somewh8t In doubt, but it is known to be 
approximatelyeq-uslto the Inm-lnnr bound8ry-layerthickness. Therela- 
tionship of the contours among themselves,however, is well defined. The 
contour interval is 0.010 inch. The sides of the burst are seen to rise 
steeply from the surface to 8 V-&aped ridge whose leg6 run parallel to 
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the side edges. The upstream end of the burst rises much more gradually 
and fwmsls into a valley which is bounded by the V-shaped ridge. The 
back of the ridge then slopes dmwardtouardthe dcsmstreamendofthe 
burst. The hi&Eat deV8tiOn is 0.053 inch (above the ZerO COntOUr) 8$ 
a point 8bOVe the cp = 0 meridian. A short distance downstresmof this 
point10 another msllerpesk. tithe shadowgraphsthese~sare seen 
to be the heads of relatively large eddies which protrude above their 
neighbors. Similarpeaks appear in the contourmap of figure 9. Ebcclu- 
sive of the local peaks, the highest elevation occurs at apolntinthe 
centerpl8neabout70 percent of theburqtlengthfrcmthezlJpstreamedge. 
It is now apparent that the indented shape so characteristic of the 
upstreamendof aburstplsnformis simplythebeginningofthe central 
valley af the burst. The formation of this valley my be due to the Pact 
that the burst,beingmuchthicker thanthe surroundinglaminar boundary 
layer and moving more slowly thas the stream, is subjected to a dynamic 
pressure frm the stream which forces 8 pocket into the upstresm slope of 
the burst much 8s it would do to 8 water droplet on 8 solid surface. 
Because only two profiles of the burst of figure 9 were available, it was 
necessarytoassume ageneral similarityto the cmtour shape of figure 8 
in order to cmete the f airing. Itcanbe seen,however,thatanyigdi- 
csJly different symmetrical and internally cmsistent fairing would be 
difficult to devise. It may also be observed that while indentation of 
the upstream end of the burst is not shown at the zero elevation, it is 1 
present in the contours of higher elevation. A smsJJ. shift to the right 
of the cp = 85O meridian profile, which might be justified, as mentioned ,i 
earlier, by ths possibility of a msll difference in time of the spark . 
discharges,woddres'dtFzlan indentedupstreamedge and 8 somewhatmore 
slender plan fem. _. _ ~.. ., - ___ 

Before leaving the subject of burst shape it is of interest to note 
the similarity of &ape between the thiclmess~profiles at different 
meridian positlcms in both figures 8 and 9. Tblckness distribution is 
shown-to be virtually independent of boththelength of the profile and 
Its meridian position. The effect of this similarity is of course 
reflected in the three-dimensional shape of 'the burst. This characteristic 
alsopermits the profiles of figure 5tobeproperlycm~~~edeventhough 
their meridian positions are not precisely known. I 

Burst Upstream-Edge Velocity 

The velocity and longitudinal growth characteristics of the bursts 
on these models were determined, 8s previously outlined, by obwning 
upstream-edge velocity, and ratio of burst length to distance moved, 
directly frm the data, and then using equation (4) to calculate the 
downstream-edge velocity. The determination of these variables and their 
dependence on some of theen vlrozpuentsl conditions are discussed in this I 
and the two following sections. b%?asured values of these variables, 
together with the corresponding.flow and surface rpughness conditions, 
are tabulated in table I. - v 
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Inmeasuringwave apgles fromwhlchto determine Mu/Me, Itwas 
foundthatreasonablygoodreperttabilitywasobtainedevenwiths~09 
the more obscure sh8dowgrapb.s. The maximum error was eat-ted to bee', 
which at the hlghest Mach nuuibers correspmds to an uncertainty In %/Me 
of about k0.05. The uncertainty in most CCP the measurements, however, is 
bellevedtobenomore thanhalf of this figure. 

Effects of Mach nusiber and Reynolds number.- Vsluesof &Jk& are 
plotted In figures 10(a) and 10(b) a@inst locsl Mach number, Me. Data 
for the quasi-two-dimensimsl flow on the hollow tubes, together with the 
low-speed results from references 5 and 10, are shown ,Ln figure 10(a). 
Data for flow on the pencil model, and the result frcm reference 4, are 
showh In figure 10(b). The dat8for thepencilandtubemodels areall 
for a reasonably restricted r8nge of Reymlds number per unit length. 
!Fhe data from references 4, 5, and 10 are for lower mlues of Reynolds 
number per unit length. Values of Mu/Me obt8lnedonrelativelyrough 
surfaces are distinguished frcm those obtained on smoother surfaces by 
the solidsymols. (The measure of roughness will be discussed in the 
follarlng section.) Vslues af Mu/Me are seen to be systematically 
increased by surface roughness. Straight lines arefaired.throu@the 
data to Indicate trends. The dashed Unes indicate 20-percent deviation 
from the trend llnes. Thereappe8rs tobea si@fkanteffectofMach 
nmber on the rate at which the upstresm edge of a burst moves dowmtream. 

Three sets of data polnts from the hollow tubes and the A-4 model 
permit an estimate to be m&e cf the effect of Reynolds number on Mu/Me. 
Figurellshows thesedataplottedtithReynolds number permitlength, 
or %nit Reynolds number; UJV, 8s the independent variable. Each set Of 
dat8wasobtalnedfrommodelsofsimllarrou&ness. TheReynoldsnuniber 
trend indicated for the straight tube when Me 111 constant (the solid lines) 
Is one of increasing M&& wlthincreasFngunitReynolds nmiber. This 
trend is defined by only four data points and is considered to be only 
quslitative. Two sets of data (the dashed lines) show the effect of 
simultaneously 3ncre8singunltReynolds nmiberandM8chnumber. TbeMach 
nuuiber effect Is seen to be stronger than the simultaneous Reynolds mmiber 
effect. Itappe8rs slgnificant,however, that if these two sets of points 
are plotted sg8inst Me, the indicated trends of Mu/Me with Me have 
slopes which are less negative than those showu In fQure 10. This result 
supports the trend Indicated in figure ll by the solld 1Fnes. It can be 
tent8tively concludedthatthe gross effect of Reynolds number on &/Me 
is one of increaslag. b5JMe with increasing Ue/V, and the ~006 effect 
of Wch number Is one of decreasing MJ& with Increasing &. 

Effect of surface roughness.- Fortunately, the surface conditions on 
the ho.lLow tubes and on the pencil model were carefully controlled and 
quantlt8tiElyme8sured. Itwas thus possiblewlththesemodel.sto exsm!ne - 
the effects of distributed surface roughness on Mu. The types of rough- 
ness used consistedeither of afine continuous screwthreador of a 
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circumferentially or 1ongitudinsU.y applied scratch polish. A detailed 
description of these surfaces is contained in reference 8. The roughness V 

dimension was taken as the maximum peak-to-miU.ey distance, H, of the 
screw thread or scratch cross section. Withinlihisgroupofmodels, 
values of H varied between 10 microinches-for the smoothest surface to 
2100 microinches for the roughest. The nondimensional memeter (Hb)a 
proposed by Seiff was used to correlate the roughness data. The ratio 
Se islndependentof x for IsminarfloWonaflator conical sur- 
face, sothattheuse of this parsmeterhasthe advantage of eliminating 
x as an implicit variable in correlating the effects of distributed 
(uniform) roughness on such surfaces. The &xmeter (H/8)& may be 
put into the form RIF/c, in which RH is the Reynolds n-r based on 
Hahd c is thenond&nensional laminsr boundary-layerthiclmess defined 
by Van Driest (ref. ll). This form is more convenient for use. For the 
purpose of figure 10, models having RH/c greater thsn 120 were consld- 
ered to have relatively rough surfaces. IMa from these models are plQtted 
with the solid synibols. The effect of surfatie roughness on burst upstresm- 
edge Mach nuuiher Is shown in figure 12, where &h is plotted against 
RR/C for.the tube models esd the pencil model. Lines are faired through 
the data points in each Mach number group. j?he solid lines indicate the 
trend of Mu/& with RE[/c for the tube models; the dashedlines indi-. *- 
cate thistrendfor..thepsncilmodel. The variationof unit Reynolds _m 
number among these data is relatively smn'i7 md so should not contribute 
significsntlyto the trends observed. At M8ch numbers between 2.7 and I 
4.1 surface roughness has 8 marked influence-on the burst upstream-edge 
Mach number. As might be suspected intuitively, the.effectof increasing 
roughness is to reduce the velokity at which a burst passes over the sur- 
face. At higher I&L& nusibers the effect a!? roughness appears to decrease. 

With the limited number of data available which will permit consid- 
eration of one variable at a time, very little further movement of 
these correlations is possible. However, for a value of .the roughness 
wsmeter,RH/c,oflwa cross plot of the &irvesfairedthrough ths 
data of figure 12 canbem8dewhlch indicates the improved correlation 
of h/Me with M8ch number effected by considelrttion of the roughness 
variable, and shows more clearly the strong Mach number dependence of 
burst upstream-edge velocity when roughness is. present. Such a cross 
plot Is sham in figure 13. (The curves far:* two-dimensicmal surfaces 
is based on the data from both the contoured tube and straight tube,-and 
is therefore marked with the double symbol.) It is seen that this curve 
and the corresponding curve from the pencil+o$el data, which are plotted 
for ths s8.a roughMe condition, have tirtually the same slope and 
indicate a nonlinear variation of Mu/& with Ml=. 

The data for the A-kmodel, onwhich roughness was small, is included * 
in the figure for ccaqparison. While Ue/V increases with Me for these 
data, the &rge difference in slope 8tthelowerMtxhntambers between the Y 
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curve for the A-k and the other curves does not appear to be entkely due 
to this variation. Difference Tnbody shape is notccnsideredtobe a 
factor since the slopes of the pencil-model 8nd tube-model curves are 
nesrlythe ssme,andthe pencil-model.andA-4bodies d3ffer in ahapS only 
In the fineness r8tio of the nose. Rowever,arelativelylargedlfference 
in suxfsce roughness existed between these models. The c~ison sug- 
gests that these curves aremembers of afsmilyof curves, the initial 
slopes ofwhichdependonthe value of RR/C andwhlchconvergewlth 
inCE8Sing Mach number, becmlng asymptotic to some constant value of 
&/Me. At the low Mach nmiber end of the spectrum, it may be conjectured 
that the curve corresponding-to acme criticalvalue of RR/C will lnter- 
sectthe Me=08xis8t &/Me=l,andth8tforlowervaluesof RR/c the 
curves will intersect-the Me=Oaxis at lower values of M&&. Ckmves 
corresponding to incre~singvalues of RR/C above the criticalwillthen 
intersect the line &/Me=1 at~increaslng values of Me. Data frm ref- 
erences 4, 5, and l0 which are slso plotted In figure 13 appear to be con- 
sistent wfth the above interpret8tion of the curve softhisfigme. 

Burst Longiixdinsl Growth Rate 

Practical use of the method previously outlined for locating pofnts 
of burst origin leaves much to be desired in the way of precision. 
UncertaInties arise from numeraus muses. Wave &ds sxe not clearly 
defined and it Is scmetlmes difficult to distlngufsh between a truly 
oblique wave sndanL~rpulsews,vefrmaturbulence eddy. Attenuationof 
initial wave segments in an expanding flow field and deterioration of 
wave strength with time, together with the sensitivity llmltatlons of the 
shadowgraph, can result in the visible w8ve end not corresponding to the 
initial position of Its source. The burst must grow to finite size before 
It can form a shock wave of visible strength. Allowance must be made for 
the curvatwe of Bkchlines intheflowfields of curvedbodies. Most of 
theuncertalnties encounteredresultlnpotentlal errorswhichare system- 
atic In causing points of burst origin located by this method to lie 8ft 
of their true locations. It w8s significant, therefore, that almost wlth- 
out exception, measuremen ts onthis large group of sh8dowgr8phs showed 
the points of burst orlgti to lie close to the leading edges of the models. 
On the contoured tubes and pencil models projections of the burst wave 
ends most often intersected the body profiles at the nose-body juncture, 
or shoulder; on the straight tubes the great majority of the projections 
intersected the body profiles within a body dlsmeter of the lea- edge; 
andonthe cones theburstwave ends invarisblycoincidedtith thebow 
wave, hdicatlng the coneapextobe theburstsource. Indeed,cmthe 
pencilmodel evidence afburstfomatlonwellforwardof the shoulderw8s 
observed 3n a number of shadowgmphs (cf. figs. k(q), 4(s), and k(u)). 
These findings strongly suggest th8t sJl of the bursts originated at the 
leadlng edge, or tip, but moved downstream an 8pPreCiable tist8nce before 



20 NACA !IW 4235 w 

reaching a siee sufficient to produce visib1e.shoc.h waves. Since a burst 
rermins quite Win before it begins to grow transversely, it is not 
unlikelythatthe distance 8 burst moves before producing 8 shockwave is 
equal to ro. As 8 result of these considerations it was concluded that 
the bursts on aU of the models studied in this 8nalysis originated at the 
leading edge, and measurements of xu were made fram this point. 

c 
- 

: 

With the exception of measurements made on the plan foms of fig- 
u-s 7(c), accurate measurements of burst length, L, were hsmpered because 
the proximity of the burst center line to the plane of the shadowgr8ph, 
or silhouette plane, could not be rellably determined. In consequence, a 
potential systematic error in L of negative sign existed, which could 
affect values of L/xu. Consldersble scatter is present in the daka 
presumably, Inpartstleast,frcs~ this cause. 

Effect'of Mach nuuiber.- EqmAaental v&i& of L/xu are plotted 
against local Mach number, Me, in figure 14. The large scatter In L/xu 
is apparent as is the poor distribution of the data with respect to ,I&. 

L The fact that these d8ta are for models of different roughness t&tributes 
to the scatter In this figure. Note, however, th8t the solid symbols, 
which represent data'from the plan forms of figure 7(c), show less scatter c 
than do the rest of the data. An upper bound for L/xu can be obtained 
from equation (4) by settFng Md/Me equal to zero (downstream end of the 
burst moving at streani velocity) and substitutfng the value of I&/k& d 

from figure I2 or 13. Limiting curves of L/xu versus Me are shown in 
flgurelhfor the two-dimensional and three-dimensional surfaces for RR/C 
equal. to 1%. All of the data points fall below their respective limiting 
curves and, in Spite of the scatter, appear to substantiate the M8ch num- _. 
ber trend Indicated by the curves. 

Fxsmination of equation (4) shows that L/xu must follow the ssms 
general trend with respect to Mach number and surface roughness as does 
I&/&. This means that the L/a data of figure14 should correlate to 
8 family of curves in a manner Sa to that postulated for figure 13. 
Also, L/xu should correlate on the basis of surface roughness In a fashion 
s-lm-r to that of figure 12. The poor distribution of the variables in 
the existing data precludes any refinement of figure 14. The situation 
with regard to surfaci roughness, however, Is somewh8t better. 

Effect of surface rcnqbness.- Figures 15(a) and 15(b) show the effect 
on L/x, of Varying surface roughness on the tube models and on the pencil 
model, respectively. ~sarefairedthroughthedata~intsforthe ~ _ 
tube models at mean Mach numbers of 3.7 and 6'.7, and through the d&a 
points for the pencil model at 8 mean Mach number of 3.7. Ibiting curves 
for Me = 3.7 based on equation (4) and figure.= sTe also shown in each . 

figure. A cqrison of the @ots of figures 15(a) and 15(b) with that 
.- * 
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of figure I2 shows that L/xu exhibits the same trends with respect to 
surface roughness , surf&e shape,ehndMachnu@ber,as does Mu/Me. On 
the b8sis of equatim (4), therefore, the two sets of dat8 are m&Ally 
consistent. 

Burst Ikmnstresm-Edge Velocity 

For 8 very few specific M&h number and surface roughness conditions, 
falreddatasxe simlt8neouslyavadlablefrcunfIgures l2and 15 which csll 
be used to cslcul8te burst downstresm-edge Mach number by substitution 
Into eqyatlon (4). Values of I&& obtalnedtithTsmamerareplotted 
8g8inst locsl Hach number, &, in figure 16(a), and agdnst roughness 
pesemeter Rg/c in figure 16(b). Due to the uncerklnties involved In 
deflningsndtilocatlngthe downstresmend of theburstinthe shsdow- 
SW& it csnnot be 68id whether these values of IQ/Me apply at the 
point& msMmwn 8dvsnce, 8s defined by Schubauer and Kleb8noff (see 
fu. 2(R)), OF at SCWZ p0iIl-b 8 d diStSIlCe Ups- Of it. 'phe Sign 
of the potential systeumtic error 8ssoct8ted with locating the downstream 
endof theburstlnthe shadowgr8phwwld seemtofavorthelatter. In 
addltion,due to thepotenti8lerrors encountered In determining L/u, 
the prob8bllity of overestlme;tlng IQ/Me is greater than the probability 
of underestImatIng. Hence, the calculated values of bh/M, msy be more 
nearly correct for a point of smsJl distance upstream than for the potit 
of msximLTm advance. 

The values obtatiedwlthminlmm surface roughness are about the 
ssmeas thosewhich~meELBuredinlau=speedflar. Surface roughness 
conditions were not reported for the low-speed tests; but when the com- 
parative scales dmolvedare considered, it seems prob8ble that the rough- 
ness parameter, F&/c, for those tests would approximate the lowest values 
encounteredhere. The variatimof bl& tithM8chnuniberand surface 
roughness folhus qualitativelythe ssmetrends as does &/Me. The ratio 
decreases with increasingMachnumberand Increases withincreasing sur- 
face roughness. In tams of motion with respect to the surface, the bWst 
velocity increases as the stresm velocity increases but decreases as 
surface rougbness increases. 

Burst Formation Rate 

Since bursts are be&g continuously swept downstream by the main flow, 
thenumber of bursts d&stributedoverthe surfaceandthedistancethey 
musttravelbeforemerglng intoa co4tinuouslyturbuleMboundarylayer 
arre~~tugaa~rateat~chthebursts~eformed. Theshadow- 
graphswereexsminedfroanthlspoFntofvlewandfoundtoyleld6~ 
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interesting results in regard to the frequency of burst formation. Before 
presenting these results it is of interest to consider the significance of 
the observedwave spacing from the atandpointofthe shaawgrapb itself. 

l 

- 

It maybe observed in many of the shadowgraphs of figure 4 that the 
spacingoftheburstwaves tends tobe regular. A =ecular spacing mues 
spsriodic discharge ofbursts fromabody-fikdsource. Moreover, the 
factthatsuch aphenomenon csnbe clesrlysti in the shadowgraphslndi- 
cates that, at least in these tests, burst sources are not randomly dis- 
posedoverthe surface for if theywere, even -t&u@ all sources were 
dischargingatthe same frequency, rsndomphase relationships wouldresult 
in the appearance of randomly spaced waves. Therefore, all burst sources 
must be located at the same body station. Itskreadyhasbeen concluded 
that this stationis theleadingedge. 

Once the location ofburstsources has been restrictedto the leading 
- edge, the appearance of regularwave spacing-ln the shadowgrapbs further 

indicates th8t one (or both) of two situations must etist: (1) Formation 
of bursts at sources distributed on the leading edge must occur in syn- 
chronismorwithh~c ph8se relationship:(phase shift equalto an 
integer fraction of the period); or (2) the shadowgraph itself must effec- 
tivelyfilteroutthewaves ofbursts whose sources or center Unes are 
not close to the plane of the silhouette. In the case of the hollow tube, 

. 

there is evidence, of the type shown in figure 7(d), that the burst spac- 
lngtends tobe regularalongmeridians,butrsndomin alateral direction, .- ', - 
andthatsyxhronismdoesnotoccurbetwsen adjacent sources. Onthe 
otherhand, there is evidence that on the pencilmodelmors than one 
source csnexistatthetipsndtbatthe discharge ofbursts fromthese 
sources is h=nicaUy phased. Fromsn intuitive viewpoint, one csnmore 
easily conceive of a harmonic phase cou@lng between sources in very close 
proximity, such as on the apexofa@ntedbody, thanbetween sources 
which ars distributed~~gatwo=dimensionalleadingedeJe. That there 
can be multiple sources at the tip is indicated in several of the shadow- 
graphs in which waves 8ssociated witi differeht bursts can be seen moving 
along opposite meridisns (cf. figs. 2(b), 4(s), and k(t)). That there - - 
mightbe synchronismbetueenthese sources was strongly suggestedbya 
few plan-form plots similar to those of figure 7 in each of Uch was 
observed the presence of two bursts of nearly equal sise and at nearly 
the ssme stationbutm opposite sides ofthebody. This was interpreted 
to meag that the two bursts originated at the ssme instsnt at, two differ- 
ent sources. ljldLcation6 of synchronism are found in figures 2(b), k(r), 
snd4(x), inwhich thepairedburstwaves areknown fromplan-formplots 
to be associated with different bursts. - 

As to the effectiveness of the shadowgrajjh in filtering out the'waves 
of bursts whose center lines are not close to the p'Ie of the silhouette, 
it is clearthatifthe plane of symmetryofthe wave envelope is allowed 
for the moment to rotate aboutthebodyaxis ina directionawayfromthe I 
plane of the silhouette, the light rays of the shadowgraphwillps.ss 
tangenttoprogressivelyweakerelements of the wave envelope andhence (I- 
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encounter smsller density gradients. The sensPtivity of the shadowgraph 
to aburstwave of glvenskngthwouldthus decrease 8s the plane af sym- 
metryof thewavedepartedfromthe#ane of the silhouette. Itwillbe 
remembered, however, from the transverse growth characteristics of a burst 
that, after havbg moved a certain distance downstream from its source, 8 
burst will ccsnpletely (or nearly so) enccrmpass the model. Based on flg- 
ure 7, this distance is estimated to be about 70 percent of the body length 
forthetubemodels andbetween25snd50percentof thebodylengthfor 
the pencil model. Therefore,aburstmovlngslonganymeridian on the 
body uiJl have intersected the 6Uhouette liL8ne at least by the time it 
has moved 35 percent of the body length on the tube models, or 12-l/2 to 
25 percent of the body length on the pencil model. Downstream of these 
stations it could be expected that the shock waves of sJl bursts would 
begin to appear, but with intensities decreasing with the distance of the 
burst center lines frcuuthe@lane of the silhauette,sndincreasingtith 
the distance.downstresm. These characteristics exe exhibited to more or 
less degree Fn many of the shsdowgraphs. The vaJ?iationae RppsX~tW8VS 
intensity with distance of the burst center line from the plsne of the 
silhouette is particularly well Illustrated by the burst wave of fig- 
ures 4(d) and k(e). The two sh8dowwphs sre orthogonsl views of the same 
WRVS 8t the SS.l&S fIlSfX3Jlt. In figure 4(d) the center line of the burst is 
8pprOXiDBtdy 3.5’ frm the me of the Silhouette. k figure 4(e) the 
center line of the burst is approxim8tel.y 75O frcan the plsne of the silhou- 
ette. In the second figure the shock wave appe8rs much weaker than in 
the first. 

Fran the foregoing discussion It may be concluded that the majority 
of the waves observed on 8 given side of the body in sny pe;rticular sh8dow- 
graph belong to bursts sJl of which originated at the same source located 
at the leading edge or tip. Thewave spaclngls thereforeameasure of 
the frequency of burst formation at that source. To be sure, 8~ of the 
w8ves are undoubtedly those of bursts which originated at other sources 
which, in turn, may or msy not be hsrmonically phased tith the first. To 
weight properly such uncertainties, as well as those arising from 
"accidentsl" variation of wave em, the frequency data were treated 
in 8 statistical manner. Measurements of wave spacingweremade onthe 
190 included-angle cane,pencilmodel,andhollow cylinders. 

In terms of the wave spacing, A, the frequency, f, with which bursts 
are formed at 8 source is given by 

f=l- % Meae 
( > Gh 

where h ismeasuredskng 8 stxesmline. Frequencies were cslculated, 
using equation (5), for 8s m8ny wave spacing6 8s couldbe found in Order 
to provide as many observrttions in each statistical ssmple as possible. 
The attmt was made to separate the effects of such varisbles as Mach 
number, Reynolds number, surface roughness, and leading-edge bluntness 



24 NACA TN 4235 

by choosing each s.sr@e in such a.way that all variables but one were as 
nearly constant 8s possible. This of course necessitated 8 cmprcmLse 
between the desire to keep the limits of parameter variation reasonably 
ti and the necessity of keeping the sau& reasonably large. 

The data of each sampleweretabulated interms of theburstforma- 
tlon frequency, f. The optimum class intervals, Af, were determined by 
trial and were taken to be 50 kilocycles persecond for the data from the 
19 included-angle cone, and 10 kilocycles per second for data from the 

'- pencil model and hollow tubes. It was found tbatbymsking two tabulations 
for each ssmILe,usingthe sams class intervslforbothbutshifting the 
class boundaries for the second tabulation by one-half of the class inter- 
val, the same data could in effect be used &Ice to obtain better defini- 
tion of the frequency curves. The results tie presented in the form of 
frequency spectrums in figures 17, 18, and 19 for the cone, pencil model, 
and hollow tubes, respectively. The ordinate, w/N, which might be 
termed the "frequency probability," is the ratio a!? the number of obser- 
vations within a class to the tot& number of observations in the sam@,e. 
The value of N for each curve Is noted in the figure. The plotted points 
show the value of nB/N at each class mark, 

_ 
there being two points for 

each intervsl because of the double tabulation. 

The general characteristics exhibited by-these curves are 8 number - 
of favored'frequencies which bear harmonic relationship, with the funda- 
mentsl frequency usually being the most favored, that is, having the 
highest frequency probability. The presence of the harmonics, particu- a 
larly numerous for the pointed bodies, lends further support to the con- 
cept of harmonicaUy phased multiple sources at the tip. In the case of 
the hollow tubes the presence af harmonics, much less prczninent relative - 
to the fun&mental than those for the pointed'bodies, is more likely to 
mean multiple-frequency burst discharge from a single source. This of 

- course could occur also on the pointed bodies in conjunction with Irmltlple- 
source discharge. However, the data are-incapable 09 resolving the one 
condition from the other. .- 

The curves of figures 17, 18, and 19 have been examined to determine '- 
the qualitative effects on burst formation frequency of 8 number of 
variables. .- 

Effect of Mach'rnmiber.- In figure 17(S) curves are drawn for two mch 
number ranges at as essentislly constant unit Reynolds. number of approxi- 
mately 3xlOe per inch. The average Mach number for the salid curve is 
8pproxim1xh?ly 4, and for the dashed curve is 8pproximatel.y 5. The effect - 
of an increase In Mach mmber from 4 to 5 ia seen to be smsll. 

_ 
However, 

there does appear to be a smsU net shift to 'higher frequencies, with new 
harmonics appearing at 600 and 700 kilocycles @er second. .- - - 

Effect of Reynolds number.- Iche effect of varying the Reynolds number '. * - 
is shown in figures 17(b) and.i.8. li3. figure 18, for an average ~ch number ,_ 
of about 3.7 on thepencil model, the effect of approximately doubling the T 
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unitReynolds nuu&erfmanrougbly2.1x106 per inchto 3.&l@pr inch 
is seen to increase the fundsmztal frequency of burst formation by roughly' 
40 percentandto produce a nuuiber of harmonics. Similar results are shown 
for the cone data in figure 17(b). Some variation of Mxh number is 
present In these data as Is Indicated in the figure. However, the effect 
of Mach number variation in thfs range Is shown to be smsll fn figure 17(R). 
Theapprec~ableincreaseinfre~uencyofburetformation~thtbe sfnrul- 
taneous increase in&.chnumber andunit Reynolds number shown infig- 
ure 17(b) can therefore be attributed primarily to the Reynolds number 
Increase. It is seen that roughly a two and one-half 'fold Increase In 
Ue/V producedstwoandone-half fold incre8se inthefundsmentslpre- 
ferred frequency of burst fonne;tion. It will be observed that the effect 
of increasing Ue/V frcxu 2~I.0~ per inch to j%le per inch Is characterized 
by an Increase in the number and pranlnence of harmonics with no cbsngs in 
the frequency of the fur&mental, w3W.e the effect of Fncre8sir.g Ue/V 
frm wOe per inch to XOe per inch is characterisedbyalarge Increase 
in the frequency and frequency probability of the f undamentslandareduc- 
tion in the number of harmonics. The reason for this behavior is not 
ClW. 

Effect of surface roughness.- The effect of surface roughness could 
not be explicitly determined. Variation of surfece roughness is present 
tomore or less degree insill of the d8ta,slthough datafrcsnthe roughest 
models were excluded from the sam@es. The largest variation In roughness 
height, H, from 10 to 600 microinches, or 4 to 195 ti terms of RH/c, 
occurred in the hollow-tube data. In these data no correlation between 
formation frequency and roughness could be found. The relation of fre- 
quencytoroughness appearedtobeplrelyrandom. This resultwastobe 
expected Tn view of the fact that burst sources situated at the Leading 
edge could not be influenced by roughness downstream. H8d burst formation 
frequency been affected by surface roughness, the curve of figurelgwould 
havebeenmuchless distFnctlydefined. 

. 

* 

Effect of leading-edge geometry.- For approximately the same condi- 
tions of Mach number and unit Reynolds number the fundsmental frequencies 
of burst formation differ between the three model types. For an average 
Mach number of about 3.5 and an sxersge unit Reynolds number, Ue/V, of 
about 2x10e per inch, the favored -tel. formation frequencies on the 
cone, the pencil model, and the hollow tube are ll5, 20, and ll kilocycles 
per second, respectively. The high frequency of formation on the cone 8s 
cam;earedto thatcnthe penc~modelmightseematfirstsurprising since 
the flow conditions were nearly the ssme in the two sets, and the apex 
gecmetry does not differ greatly between the cone and the ogive - at least 
in 8 m8croscoplc sense. However, this large difference In frequency serves 
to emph8size that since the bursts originate at the model tip, their rate 
of dfscharge can be strongly influenced by the local geopnetry of the tip. 
This fact was noted In reference 8, and. It was observed there tb8t the 
greatest number of-bursts were poduced by abrupt changes In slope of the 
tip profile. These conditicns 8ppe8r to have been responsible for the 
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relatively high rate of burst formation on the cones of reference 7 8s 
- 

well. An examination under the microscope was made of the tips of scans I 
of the unfired conemodelsleftover fromthe tests & reference 7. These . 
models were well preserved, and no evidence-of corrosion or physic& me 
during storage could be detected. Eked irregularities in tip profile 
were observed. Photcunicrographs of two such tips, which Elre believed to 
be representative of those used in the tests, are compared in figure 20 
with the typical tip profile of the pencil models on which burst form&ion 
frequencies were measured. The roughly tticated shape shown in fig- .- __ 
ure 20(a) was a frequently observed chsracteristic of these mcnIeIL.6. Tips 
such 8s this provide conditions conducive to local flow sep%r8tion or the 
production of large transverse entropy gradients, either of which could _ 
induce turbulent eddy formation. In the course of testing in the Ames 
supersonic free-flight wind tunnel it has been observed generally that 8 
slight tntncation of the tip of a pointed model produces numerous bursts. 
On the other hand;.a careful rounding of the-tip profile to eliminate - - "_ 
abrupt changes in slope is found to result usually in relatively low fre- 
quencies of burst formation. It was noted In reference 7 that fewer bursts 
were observed on the blunted models than on-the cones. The pencil model 
on which the burst of figure 8 was observed l&d an approximately hernia&e& ~ _. 
icaUybluntedtip,theradlus ofwhichwas eTqualto2Opercentofthe body 
r8dius. The burst formation frequency on this model was too low to be 
measured. Y 

The same quslitative effect of leading-edge geometry observed on the 
pointed bodies was also observed for the tti-dimensional leadlng edge. A 

w- 

- rather spectacular demonstration of the infhence of leading-edge geometry ' 
was m8de during the tests on the hollow-cylinder models.' Two models of 
the straight tube, identical except for leading-edge geometry, were fired 
at a Mach number of 3.9 In still air. The l&ding-edge profiles of these 
models are shown ti the sketch. Profile Ahadsflatforwardfacing 

- 

Outer surface of 
cylinder wal I 

(approximately circular 1 

surface with a shsxp yO" corner to the outer surface of the cylinder. To 
produce profile B, 'this corner was rounded off to give an approximately 
circular profile tangent to the outer and Inner surfaces of the cylinder. 
With profile A, the burst fonastion frequencies varied between 30 and 
100 kilocydles per second. With profile B, the msxm frequency was less 
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than.5 kilocycles per second. Figures 4(c) and 4(d) are shadowgraphs of 
these makls having profile A and profile B, respectively. IMa froan s 
these models were not included In figure lg. 

F'urther C%servatlons From the Shadow~phs 

Aside fragn the Ch8rRCteristiCS of burst Shape 8nd form8tion and 
growth discussed In the foregoing sections, many other features of burst 
behavior couldbe observedinvarious shadowgr8phs. .Taken indivMusU.y 
these observations wouldnotperhaps provide any evidence of stsrtling 
significance. Considered as 8 whole, however, they all tended to support 
further the concept of boundary-layer transitfon as it is presently under- 
stood and, in a few c&ses, to supply additional details. 

For ezxsmple, one can infer something about the velocity history of 
the upstream edge of a burst from the shape of its shock wave. Most of 
the isolsted.andwell-definedburstshockwaves on the hollow-tubemodels 
are ne8rly stradght, indicating 8 nearly constant velocity for the 
upstresm edge of the burst. This observation provides 8 basis for the 
assumption of constant velocity In postulating equation (1). There is 
some indication of 8 slight conc8tity In these waves (e.g., the wave on 
the lower profile of fig. 4(Z)), suggesting the possibility that bursts 
slow down gr8dwUy as they increase in size. There 3.0 slso an occasional 
w8ve which shows pulsations of some sort occurring at the upstream end of 
the burst. Such a wave is illustrated by the shock wave of the downstream 
burst on the lower profile of figure 4(a). This pulsing couldbe inter- 
pretedas aflu&LIatioIItithe VelLXityof the IQStI%sIsedge, or 8s pddng 
of 8 p8rticulsrl.y lsrge eddy, or eddies, located at the upstream edge of 
the burst. The frequencyof the phencranenonw8smeasuredtobe bkilo- 

. cycles per second. Of course,onemustuse care Inattempting to draw 
conclusions frcxuw8ve shape since this shape canbe affectednotorilyby 
the velocity history of the burst upstreem edge but also by pressure 
gradient or streamline curvature.as the wave negotiates the outer flow 
field. 

Ln many inst8nces it is possible to determine at what point on the 
body surface a burst has been overrun by the downstream end of the follow- 
ing burst. When the upstream edge of a burst is overrun It ceases to be 
a shock-trave source; hence, the wave ceases to be formed and the inner end 
becomes 8 moving point of reference. Figure 4(k) is 8 good exsmple of 
this situation. A pair of bursts on each profile of the body maybe seen 
to hsvemergedshortlybefore the shadowgraphwas tsken. The separate 
Identities of the bursts are still apparent frcxu their profiles. The 
points atwhichtbs downstresmbursts were overrun canbeapproximately 
located by project- the inner ends of their shock waves upstream &long 
M8ch lines. 221 a case such as th8t of figure 4(c) the transitian reglcn 
canbe8ppro~telydefinedbyw8ve-endprojectfon.~liere theuaves are 
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so closely spaced that the projection is readily visualized. The length 
of the tmnsition region is found to be less than two'body dititers; In 
contrast, the extent of the transition region on the body of figure 4(d) 
is seentobe greater thauthelength of themodel. Compsrisim of these 
tW0 ShadOWgraphS SUggeStS that the r&e Of burst fOITS%tiOLI has 8 large 
influence on the extent of the transition region. 

A phenomenon which was occasim~3lly observed on the pencil model .- 
~8s the appearance of a circular shock-wave segment which intersected 8 
burst shockwave atone endand came nearly tangent to the modelbowwave 
at the other (see figs. 2(b), 4(r), and 4(t), for example). 'phe circular 
nature of this wave snd its position relative to the burst wave indicate 
that it must have been 808OCiated with an Impuislve disturbance occurring ., - 
at the tlme~ of formation of the burst. If a bimst foms with an initial .- 
eddy, ltappears.th8ttheform8tionof the eddymaybe of an explosive 

.- 

nature. The impulsive discharge af 8n eddyfrtialocsl separatedflow 
region at the model tip could be such 8 disturbance. !rhat this circular -- 
wave 1888 prduced by such 8n eddy discharge is suggested by the similarity 
of &ape between It and the circular (spherical) -se waves emanating 
froaneddies withinburst andwlthlnthefuJ3.ydevelopedturbulentbound8ry 
l8yer. For exsmple,.compare the circular waves in figure 2(b) with the 
Impulse waves 8bOVe the two bursts In that figure. Coqpare also the 
impulse waves above the turbulent boundary Layer In figure 4(g). 

w - 

An effect of angle of attack on burst growth Is observable qualita- " 
tively in the sh8dowgraphs. In figure 4(x) the four prominent burst pro- 
files were ascertained with reasonable, though not conclusive, certainty 
frcm a developed plan-form plot to be ne8rl.y center-line profiles of four 
Independent bursts. The thlcknesse~ of the profiles on the leeward side 
of the body are conspicuously greater t&n of those on the windward side. 
Further, it WBB found for the UpBtlX~~irth8t,~thOUgh8~eYltly 
initiated first, the windward burst was shorter-than the leeward burst. ' 
Thus it appears that the combined effects of pressure gradient and ypwash" 

_ _, 

due to angle of attack influence the thickness and longltudlnsl growth of 
a burst. A favorable'pressure gradient snd diverging streamlines (wind- 
ward side) tend to retard growth in both thickness and length, while an 
adverse gradient and tionverging istreamlines (leeward side) tend to accel- 7 
er8te the growth. N6’ conclusions could be dr8W1i concerning the effects on 
transverse growth slthough it is clear that, if burst shape Is to be pre- . 
served, the transverse growth rate must vary in proportion to the longi- 
tudinal rate. One Ts tempted to speculate, however, that the crossflow 
pressure gradient snd upwash would tend to accelerate transverse growth 
on the windward side and retard it on the leeward side; 'that is, the effect 
on transverse growth would be opposite to that-observed cn Jinigitudinsl 
andthickness growth. E such were the case, then burst shape (6) 8s well 
as a. would be a function of angle of attack, and bursts formed on the 
sides of abodywouldhave no~ymmetricalplsnfoxms. 

!Fhroughdut the present study the.grbwth tid spread of turbulence, 
subsequent to burst formation, has been observed to be closely similar 

b 

l 
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to that reported inreference 5. The @xhanisq (or mechanisms) by which 
the formation of bursts is initiated, however, is still not understood. 
Perhaps a brief bit of conjecture ie permissible concerning observations 
made during l&is study as they relate to this phase of the tr8nsition 
process. 

When burst formation was observed to occur at the leading edge, the 
rate of formation was relatively very low end the transition regim rela- 
tivelyverylong. On the other hand, when burst formation was observed 
to occur at any downstresm point on the body the rate of formation was 
very high and the transition region very short. Consequently, under the 
latter condftions discrete or developedburstproflles werenever observed. 
Canpare figures 4(c) and k(d) with figure k(y). In figure 4(y) the tran- 
sitfon region on the upper profile is very short. The burst formtion rate 
is sohighandthelife of an indivMu8lburstsobrlef that the spacing 
of their shockwaves Is close to the resolutionboundaryof the shadow- 
graph,8ndthewaves appear as nearly circular (sphericd) impulse waves. 

Various sowces of dfsturbanceleadingto flowbre8kdown canbe 
hypothesized. Three of the more probable cm be listed as follows: 

1. Local flow separation at the leading edge or tip 

2. Roughness elements attheleadingedge or onthebody surface 

3. Giirtler instability at the leaa edge or along the body amface 

It is presumed that for-a model in free flight through still air, stxeem 
dlsturbances are nil. !l%e large differences observed In the frequency of 
burst formation at the leading edge and at downstream points lead to spec- 
ulation that differences existinthe disturbsnces which cause thetrsn- 
01tion. Attheleadkg edge,burstfomatlonm8ys~be eddy discharge 
frCEn 8 Bep8rated region or frC3I.I b-d 8 roughneS6 &k?WIlt 8t rateB peCld/ 
iar to eddy discharge. In either c&se, no disturbance empllfication would 
be required. On the straight-tube models there is frequent evidence, In 
the form of double bow waves, that lOc8l flow Separation eXiBt6 8t the 
l-edge. At downstreemstations~burstform8tionnaaybe the result 
of higher frequency disturbsnces, perhaps introduced at the leadkg edge, 
by roughness along the surface,orfeedinginfromthe externslflow,whfch 
are selectively amplified in the manner ccmf'irmed by the vriments of 
reference 2. 

The differences lnthelocationof burstformationand In-the extent 
of the transitlon.region &so pose an interesting question: Should not 
the effects of SUCh pe;msm&ers 8s pressure grtient, &at transfer, aad 
surface roughness on the tr8nsitlon fmaa l8minsrtoturbulentflowbe 
expected t0 vary ~IgnFficS&ly as the &Cation of burst fOI?IEtiOII 8nd the 
extent of thetrsnsitionregionvary? It seems possible that the effects 
of these psrsmeters on the stability of the leM.narboundsryl8yerprlor 
to burst formation c8n be quite different from their effects on the 
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remaFningportion0 of lsminar bound8ry layer between bursts tithLn the 
._ 

.-. 
transitian region. The "calmIng effect" obsePved In reference 5 indicates c : 
that this is certainly true within very limited regkons upstream of each 
burst. Concurrently, the effects on burst growth 8nd velocity could oig- __ 
niflcantly alter the extent of the transition region. Such 8 qUeStiOn, 
therefore, seems worthy of further consideration. TrmxLtlon due to burst 
formation at the leading edges and tips of model6 of diverse sizes 8nd .1 --.-: 
shaps, at least within the range of scale tested in the Ames supersor& -. - 
free-flight wind tunnel, has proven difficult to eliminate, and in that ; 
sense may be considered to be %8tursl'l transition. .__ _ -..-- 

Shadowgraphs showing turbulent bursts oh-the surfaces of bodies in' 
supersonic free flight were analyzed. The p&n forms and thickness pro- 
files of bursts In supersonic flow generaUy'~esemble those measured in 
low subsonic flow by other lnvestiegtors. It was found possible to define 
the three-dimensional geCQEk?y of 8 burst frm sh8dowgr8phs. The gecme- 
tries of two discrete bursts were so determined. 

The velocity at which 8 burst moves dtitresm over the surface w8Z 
found to Increase with increasing Mach number.s,ud de-ease with increasing 
surface roughness. The effect of Mach nmiber on burst velocity appe8ra 
to be strongly depeiident on the degree of'surface roughness present. c 
terms of distance traveled, the longitudinal growth rate of 8 burst was 
found to dem?86e with increasing Mach nmbef but increase with increasing 
surface Knzghness . .- _ 

- - 

c 

-' 

For 8 given configuration under the flow conditions encountered In 
the pIWe?It 82kl.y~i~ (Viz., body-fixed disturbance source at the leading 
edge) the greatest nuuiber of bursts tended taomu at some preferred fre- . . 

quency, while lesser numbers formed at barmonica of this frequency. This ,_ __ 
fuud8mental preferred frequency was found to vary with unit Reynolds 
nmiber and increased as unit Reynolds ntiber-increased. 'Rowever, local 
geometry of the leading edge appeared to have the strongest influence on 
the prefefied formation frequency. 

Ames Aeronautic&l Iaboratory 
National Advisory Ccxuuittee for Aeronautics 

Moffett Field, klif., Jan. 24, 1958 
_ 
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Figure l.- Sdmgra&of conical-ncree8cylinaermodel iafreeflight;&= 3.5;Ue/V= 2JXWper 
Inch; H = 1% pin.; wind tunnel "air-off"; conicd. kL@h field. 
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PLAN VIEW 

X,FEET 

ELEVATION VIEW ON CL 

(a) Burst, geometry and growth deduced fram hot-wire measurements by 
Schubauer and Klebanoff (portion of fig. 6, ref. 5); & m 0.03; 
Ue/V I l*5x1.04/in* 

- --_--_ 
.- -_ 

l 

w . . 
4 

----- - _.._ __ _ ..-___ _ __ 

r , : = -.._... _ - _. _ _ 

: 
-‘,. .;A ,’ - 

L 
- .. -. p ,. . i ,_ _ , 

. ..- _ - . 

(b) Bursts dn a slender 0 ive-cylinder (pencil model) in free flLgbt; 
~00 = 3.6; u,& = 3.tio$in .; wind tunnel air-off; conical. ILght 
field. 

Figure 2.-. Cwpxrison of geometric characteristics of bursts observed 
under widely different flow conditions. 



Fineness ratlo 5 

(a) Pencil model 

8 fins at 45O 

-f---“-------- -------- 

.750” -- - 

- 1, c------- 

l 
l 

(b) Straight tube 

. 

f--‘---- 

.-w---w- - --w-------q 

.750” 
.600” - - 

--- 1.56” 

t w--“---- -,,-------m-----m m---m 

R= 6.704” 
I II 

(c) Contoured tube 

c 

Figure 3.- Model geometries. 
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{d) 19” included - angle cone 

-Fineness ratio 4 4 fins at 90’7 

(e) A-4 

( f ) IO” included -angle cone 

(g) NACA RM-f0 

Figure 3. - Concluded. 
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(b) Straight tube; B&,- 3.9; Ue/V - 2.3XLob/in.; H= 50 w.; aerobdlletic range; ccmlcalllght 
fxLd.. 

Figure 4.- coutma. 

._ 
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(c) Stzalght tube; a6. = 3 -8; %/V rf&&/iD..; H- g0 @I.; aexPballiStiC m; C'=-llight 
flelu. 

Figure 4.- Conttied. 
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F&ure 4.- Ccmtinued. 
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(e) 6balght tube; M, = 3.9; We/V = 2.Wd/in.; H = 50 pin .; aerobalLLetlc raqe; cc&Cal light 
field. Ohlqomlviewof 1~~~mdeLasfig.4(d)at~ame instant. 

Figure 4.- Coatluued. 
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(f) magIrt tube; I&, = 2.7; ue/u m 2.4fl@/~a.; H -10 ph.; dndttmnel air-off; coaicel light 
field; choked Internal fluu. 

Figure 4.- Ccmtinued. 
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(g) Straight tube; I&= 3-l; &m/U = 3JA-Oe/in.; H=5OO@.n.;viaatunue!lair-~;~~t 
field. 

Figure 4.- Cmtirmad. 
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(h) Cm-d tube; m4, m 3.7; Ue/V m 2.M#/ti.; H - 446 @n.; aerobdlietlc range; colclcal. 11&t 
field. &me view of Bsme model 88 fig. 4(l), but 0.0048 eecond earlier. 

Figure 4.- CaMnueB. 
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(I) Ccmm tube; bbp= 3.7; TJ,/v P 2.2xlds/in.; H = 4b ph.; aeroldJ&tic range; ctical light 
fielcl. Beme view of ame mcdel. BB fig. b(h), but O.odc8 second later. c 

Figure 4.- Cautimml. 
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(J) C~tOlUXd tUb0; I& P 3.7; Ue/V - 2sNP/ia.; H - 44-C ph.; aeroballletic range; ccmLc.d. Id&t 
field. orthogonal view crf a~llw mcdel ae fig. b(k) at BB~S Instant. 

FQw.m 4.- Continued. 
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(k) Cm- tube; M, = 3.7; UJV = 2ACL@/ti.; H=~pI~~;aerobdh-ticmge;cc&dlight $? 
field- Cktb&ud view of came model. aa fig. 4(j) at seme instant. B 

FQcre 4.- Cc8ltjnued. fz 
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(a) COIL-B tube; EQ - 3.7; tT,/V = 2.ZU#/ln.; H-440~.;eerabalLiatlcrange;coPlicaLlieht 
field. Bsme vIeWof asmchmddaefig. 4(j)butOAL32 eecondlater. 

Figure4,-Ccatlnued. 
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(m) CorrtOlXGd tcbe; & 6 3.7; U& = 2J%Lo8/in.; H=lCO~.;aero~eticrange;conicsllight 
field. 
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(ll) Colltaure& tube; W, = 4.1; Ue/ v= 3Jxl0e/ln.; H= 300 pln.;wlndhmelati-c&C;- 
light field. 

Figure 4.- COntbued. 
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(0) Carrtaund tube; I& - 7.0; We/V = 3.2A.@/la.; H-1500 ~.;w3ndtunwAair-~pl;~ 
light field. 

Flgurs 4.1 Continued. 
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(I) Pearcil modal; l4m = 3.6; Ue/V p 3.&l#/in.; H = 5 pk.; wind tunnel ab-off; cdcal Light 
field. 

Figure 4.- Continued. 
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FQure4.-Cantirmed. 
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(u) pmlc3.l lnchl; M, = 3.5; UJV = 2.l.%l~/ln~;~= 10 Plrl., ~vind-tmLlelair-off; cculicalught $ 
. Q 

Mgw?e 4.- cu?.lt-. 8 VI 
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(v) Rmcil mcdel; & = 3.5; U& -2.~/irr.;H-lOCcLP.;~amnelalr-crFi;~~t 
miLa. lkdel 18 8llghtly bat. 

Figure 4.- Continued. 
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(w) PencLl. mcdd.; b& = 3.6; &s/v = 3.7xl@/in.; H=10@~;vind-kamnelalr-off;~llght 
field. 
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(x) lbnt?xL modal; l& = 3.5; u&J - 2.aacfyln.; H=lOpAn.jwIndtumelair-aFf;colrlcelUgbt 
field. Mcdel 18 bfmt. 

FQuxe h.- Cautinuen!l. 
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Figure 5. - Center-line thickness distributions of bursts. 
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275” 

175” 

85” 

5O 

--------------_--._----.---------------- 275’ 

(a) Developed plan form of burst on the straight tube i 
Me = 3.9 ; %I n 2.3 x IO %x 

(b) Developed plan form of burst on the pencil model ; 
Me = 3.5 ; “e/u = 2.0 x IO e/in. 

. 

+ 
270’ 
l80* 
.90* 

O0 
270” 

Figure 7.- Burst plan forms determined from shadowgraphs. 
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Leading 
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c,sBufst of fig. 7 (a) 
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a’ I- 

-- 
Developed surface 

of pencil model 

(c) Composite of developed burst plan form. 
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(d) Distribution of bursts on developed surface of 
contoured tube. 

Figure 7. - Concluded. 
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.4 r contour interval * 0.01’ 
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- dhctlon of oir flow 

180” 

(2) mo4:/++, 
0 \ I 1 
0 .2 .4 .6 . .8 1.0 I.2 1.4 I.6 
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Figure 8.- Contour map and meridian profiles of a burst on the 
pencil model ; Me = 3.5 ; ‘#v = 2.0 x IO ‘/in. 
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Figure 9.- Contour map and meridian profiles of a burst on the 
straight tube ; Me = 3.9 ; %/v = 2.3 x IO 6/in’. 
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(0) Two - dimsnsionol surfaces 
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0 n A rough eurfoce 
0 0 A smooth surface 
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0 contoured tube 
Straight tube 
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Note I Sukcrlpt denotes number 
of obeervatlons ghrlng 
IdenticoI reeulte. 

Pencil model 
Q FIot plate, ref. 5 
0 . . , ref. IO 
h 20’ Incf. L cone - cylinder, 

Me 
(b) Three - dimensional surfaces 

Figure IO.- Variation of Mach number ratio, Mu?Me , with 
local Mach number. 
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Figure I I .- Variation of Mach number ratio, M”/Me , with unit 
Reynolds number. 
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Figure 15. - Variation of relative burst length, L/xu , with 
roughness parameter, R&. 
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(a) Effect of Mach number 
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A Pencil model 
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0 Flat plats, ref. 5 
0 l . , ref. 10 

(b) Effect of surface roughness 

. 

Figure 16.- Variation of Mach number ratio, %/Me, with 
local Mach number and roughness parameter. 
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Figure 17. - Spectrums of formation frequency of bursts on the 
19” included angle cone. 
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Figure 18. - Spectrums ‘of formation frequency of bursts on the 
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. Figure lg.- Spectrum .of - far;mation frequency ,.-of J+~rsts _, 
on the hollow - tube models. 
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